Abstract-Hyperopia affects approximately 25% of the population. The aim of different heating modalities for the treatment of hyperopia is to steepen the central curvature of the cornea. Conductive keratoplasty (CK) involves the placement of radio-frequency (RF) lesions around a 7-mm-diameter ring concentric with the pupil of the eye. Dynamics of lesion formation during CK depend on corneal electrical impedance, which is expected to change during each 600-ms-long macropulse.
I. INTRODUCTION

H
YPEROPIA is caused by insufficient curvature of the cornea so that the focal point of image formation by the ocular optical structures is posterior to the retina. Approximately 22%-27% of the population are hyperopic [1] . Two approaches to this problem are currently being investigated. The first, laser thermokeratoplasty (LTK), uses a Holmium-YAG (Ho : YAG) laser at a wavelength of 2.1 m to create lesions on concentric rings in the periphery of the cornea [2] , [3] (Fig. 1) The second, conductive keratoplasty (CK) [Refractec, Inc., Fig. 1 . Schematic of lesion placement for LTK and CK treatments. Typically, eight lesions are placed along an 8-mm-diameter ring that is concentric with the pupil of the eye. Lesions can also be placed along an inner (7-mm diameter) and outer ring (9-mm diameter). An example of multiple lesion placement is shown at the top of the figure (e.g., at the "12 o'clock position").
Regression of the initial eyesight correction is a problem in LTK procedures, particularly for younger patients and for patients requiring significant hyperopic correction [1] . CK apparently creates a more uniform and deeper heating which results in longer lasting shrinkage of stromal collagen. Pilot clinical studies have shown that CK treatments achieve accurate, stable results for correction of low levels of hyperopia [4] .
In both methods thermally induced contraction of stromal collagen leads to a "purse-string" effect in the corneal periphery, increasing the curvature in the central region of the cornea [5] . Ideally, the end result of heating is full-thickness stromal heating for a sufficient time to induce collagen contraction to increase central corneal curvature. The thickness of the human stroma is 600-700 m, and the stroma is composed of 75% water by mass [6] . The absorption of laser energy in LTK procedures is dominated by tissue water at the Ho : YAG wavelength. The penetration depth of Ho : YAG laser light in water is approximately 360 m [7] . The tissue water content also has a strong affect on its electrical conductivity. Water vaporization is a governing physical process in both procedures.
The metal monopolar active electrode used in CK procedures is 90 m in diameter and extends 450 m out from a dielectric shoulder used to control electrode penetration (Fig. 2) . The probe is inserted into the corneal periphery at desired points ( Fig. 3) and an eyelid speculum comprises the return (i.e., dispersive) electrode for the system. A 600-ms-long macropulse of RF energy is applied to each site (duration fixed by the RF generator). Each macropulse consists of exponentially damped sinusoidal RF pulses-fundamental frequency of 350 kHzdelivered at a nominal 8-kHz pulse repetition rate. After completion of a macropulse, the electrode is moved and inserted at the next site.
The rate of heat delivery to the cornea during a RF macropulse has not been sufficiently characterized. Measurements of average power delivered to in vitro bovine eyes with the CK unit indicate that the average power can change by a factor of 40 during a 600-ms macropulse [R. Stern, Stellartech Research Corporation (Sunnyvale, CA), unpublished data]. This decrease in power is attributed to a dynamic change in tissue impedance. If constant tissue properties are assumed, the actual RF dose can differ considerably from the expected dose. Measurements of electrical impedance can provide information on dynamic changes in power delivered to tissue. The purpose of this study is to measure voltage and current values during RF heating of in vitro and in vivo porcine corneas.
II. MATERIALS AND METHODS
A. CK Unit
The RF generator (RCS-200, Refractec, Inc., Irvine, CA) emits macropulses of up to 1-s in duration. Each macropulse consists of micropulses, which are essentially damped 350-kHz sinusoidal waveforms (see Fig. 4 ). The amplitude of a set of micropulses is varied by changing the "Power" setting on the CK unit. "Power" is expressed as a percentage and represents the fraction of the maximum peak-to-peak voltage (333 ) and 600-ms macropulse duration.
B. Impedance Measurements
A PC-based data acquisition system (Fig. 5 ) was developed to acquire voltage and current waveforms during RF energy application to in vitro porcine eyes. A pulse generator (DG535, Stanford Research Systems, Sunnyvale, CA) was used to trigger simultaneously the CK unit and the data acquisition system. Voltage was measured across the eye using a custom 1 : 100 voltage divider. Current values were measured with a current probe (A6302, Tektronix, Beaverton, OR) and current probe amplifier (AM 503B, Tektronix, Beaverton, OR). Voltage and current data were acquired at 5 MHz/channel with a 12-bit data acquisition board (PCI-6110E, National Instruments, Austin, TX) and LabVIEW software (Version 6i, National Instruments, Austin, TX).
After preliminary measurements of voltage and current were measured from two in vitro pig eyes and custom-made resistive loads, final data was acquired during two sets of experiments on 23 eyes. The initial experiment involved measurements at the nominal 60% power, 600-ms macropulse duration settings. A subsequent experiment examined the effect of the power setting on impedance; measurements were taken over the range 30%-98% power (e.g., maximum -333 V).
1) In Vitro Experimental Geometry:
In vitro porcine eyes were obtained from a local distributor and used within 24 hours of enucleation. The specimens were stored in 0.01 M phosphate-buffered saline at 4 C until they were used. Each eyeball was placed in a heated water bath at 32 C-37 C for approximately five minutes. The eye was removed and placed in a metal suction ring which formed the ground plane. Suction was applied gently using a large syringe to fix the eyeball in place. Balanced salt solution (BSS) was injected into the aqueous humor to increase the intraocular pressure (IOP) so that the corneal surface was rigid. The IOP was not quantified.
A stainless-steel corneal marker was used to mark the corneal surface with gentian violet dye to guide positioning of the CK probe [ Fig. 6(a) ]. The corneal surface was wetted with four drops of BSS and dried with a Weck sponge; this was done to wash away excess dye.
The CK probe was inserted into the desired spot with sufficient pressure to depress the punctured region (as evident by formation of stress lines). The operator slowly withdrew the probe so that the 450-m-long active region remained in the cornea but the stress lines were no longer visible. The order of lesion placement is shown in Fig. 6(b) . In clinical operation, the central lesion [#9 in Fig. 6(b) ] is not applied.
2) In Vivo Experimental Geometry: Voltage and current waveforms were acquired during procedures on two female minipigs according to an approved protocol by The University of Texas at Austin Animal Care and Use Committee. Each animal was tranquilized with a Telazol/xylazine mixture (100-mg Telazol/100-mL xylazine). The eyelids were held open with a speculum, which also served as the return path electrode for the CK unit. A drop of proparacaine hydrochloride (Alcaine, Alcon Laboratories Inc., Fort Worth, TX) was placed in the eye to keep the underlying nictatating membrane from closing during lesion placement. The gentian violet ring was marked on the cornea with the corneal marker and excess dye removed with a Weck sponge. Lesions were placed in the eye in a similar fashion to the in vitro experiments. Voltage and current signals were acquired during application of each lesion on the four eyes.
3) Signal Processing: All processing was done using LabVIEW 6i. The data were low-pass filtered with a second-order Butterworth filter ( kHz) to remove unwanted high frequency components and visually scanned to determine the starting point of each micropulse. Root-mean-square (RMS) voltages and currents were calculated for each micropulse and the impedance magnitude calculated as a function of micropulse number by dividing RMS voltage values by RMS current values.
In the in vitro time-resolved impedance curves, a low amplitude (e.g., approximately 5% of the calculated impedance) 60-Hz component was present. This may have been due to pickup of electrical noise by the metal suction ring that served as the return electrode. A 60-Hz filter was applied to the in vitro impedance data to remove the noise.
C. Electrode Interface Impedance
An important consideration in overall impedance measurement is the series impedance of the active electrode-tissue interface. Usually, at high frequencies (above about 20 kHz) the capacitive impedance of the electrode double layer is so small that the electrode interface appears as a small series resistance. However, because of the extremely small size and sharp tip of the RF active electrode one may question whether or not the fundamental frequency (350 kHz) is high enough to make that assumption in this case.
Since our measurements of impedance included the electrode interface impedance (Fig. 7) , it was necessary to determine the significance of this impedance. A separate experiment (Fig. 8 ) was conducted to measure the effect of the interface as a function of frequency. Electrode interface impedance was measured over the frequency range of interest in a coaxial saline chamber with a Hewlett-Packard 4194A Impedance/Gain-Phase Analyzer (Agilent Technologies, Palo Alto, CA, overall accuracy 0.15%). The cylindrical outer chamber (19-mm diameter by 54-mm tall) was filled with 0.137 M saline solution (approximately 0.8%) which had a measured and calculated electrical conductivity of 1.39 S/m. The electrode interface impedance Fig. 8 . Setup used to measure electrode interface impedance. Magnitude and phase spectra were measured using the CK probe as the signal electrode and a copper cylinder as the return electrode. The inner surface of the copper chamber was silvered. The frequency range covered was 100 kHz to 10 MHz. spectrum was measured from 100 Hz to 10 MHz (logarithmic sweep) in the coaxial chamber.
III. RESULTS
A. Electrode Interface Impedance
The measured impedance spectrum is shown in Fig. 9 . The strong series capacitive component is seen for frequencies less than about 10 kHz. At 350 kHz the magnitude is 589 and the phase angle is 5.3 . Since the impedance magnitude and phase angle at 350 kHz are in the frequency-independent regions of the respective spectra (Fig. 9) , is acceptable to assume an essentially resistive contact at the fundamental frequency.
B. In Vitro Measurements
In the first set of in vitro experiments, 90 impedance curves were generated from voltage/current measurements. The initial mean impedance value was 1775 (Fig. 10) . During the 600-ms macropulse, the average impedance decreased from 1775 to 1350 in approximately 150 ms. The impedance gradually increased over the next 450 ms to 1450 .
A total of 45 impedance calculations were obtained at different power settings. The initial impedance was (Fig. 11) . For a power setting of 30%, mean impedance stayed approximately constant [ Fig. 11(a) ]. As power increased from 30% to 70%, impedance values decreased to lower values during the entire macropulse. The impedance curves for 50% and 60% powers were similar in overall shape. For power settings of 80% to 98%, the impedance-time history was significantly different [ Fig. 11(b) ]. In general, the impedance decreased over the first 200 ms, after which it increased. At 80% power, the impedance at the end of the macropulse was equivalent to the initial value. 
C. In Vivo Measurements
Preliminary impedance measurements at 60% power ( ) were obtained in vivo (Fig. 12) . The initial impedance was 
IV. DISCUSSION
Time-resolved measurements of dynamic changes in corneal impedance were obtained during RF heating of in vitro and in vivo porcine corneas. Initially, the dynamic behavior of impedance is dominated by heating along the electrode cylindrical shaft due to a thermally induced increase in electrical conductivity. At higher power settings, the impedance increases (Fig. 13) This region is associated with thermal damage processes occurring at temperatures between 60 C and 80 C [8] . In regions of elevated temperature, the electrical conductivity was expected to increase with temperature, approximately 1%-2% per C as determined for electrolytic solutions [9] .
Increase in the mobility of charge carrier ion species (chiefly Na and Cl ions) is the underlying physical cause. This can be explained from an analysis of carrier transport phenomena. Mobility is proportional to temperature; thus, as temperature increases, mobility, and hence , increase as well. Since electrical conductivity increases as drift velocity increases, corneal impedance will decrease as corneal temperature increases. Thus, for moderate temperature rises one would expect the conductivity to follow: (2) where is the electrical conductivity at temperature ( C). The decrease in impedance during the early heating phase (Figs. 10-12 ) is attributable to this effect.
Similar trends have been reported in the literature. Dadd et al. [10] measured impedance values of muscle, fat, liver, and brain at different tissue temperatures and during application of a lowpower 500-kHz current. They found that impedance decreased as tissue temperature increased. However, no explanation was provided for the impedance changes. At water bath temperatures of 80 C, the impedance was noted to increase after the initial decrease. Impedance values of in vitro cow eyes were measured at different times during heating with the same RF system used in this study (RF frequency 350 kHz) [Roger Stern, Stellartech Research Corporation, unpublished data]. At times of 27.5, 65, and 285 ms after onset of the macropulse, impedances of 1517, 1308, and 2422 were measured. The increase in impedance at 285 ms was attributed to tissue coagulation.
In two sets of experiments, initial impedance values measured in vitro were 1775 and 2200 , which are in general agreement with each other. No corneal impedance values could be found in the literature to compare with those measured in this study. Jurgens et al. [11] measured the resistivity of in vitro porcine cornea samples to be between 0.39 and 0.48 m (conductivity between 2.1 and 2.56 S/m) over a 10 kHz to 10 MHz frequency range, a conductivity much higher than that of the 0.8% saline solution used in this study for electrode spectral measurements (1.39 S/m). For comparison, Pearce and Thomsen [12] reported electrical conductivities for dura mater (nearly pure collagen type I) of S/m in the transverse direction and S/m in the longitudinal direction. To elevate the IOP of the in vitro eyes, saline was injected into the aqueous humor compartment of the eyes. Jurgens et al. [11] measured resistivities of balanced saline solution (0.625 m, or 1.6 S/m conductivity) and aqueous humor (0.60-0.67 m, or 1.5-1.6 S/m conductivity). The saline conductivities measured in the Jurgens et al. study and our study are similar. Also, the saline and aqueous humor conductivities are identical. Thus, we did not expect the presence of saline in the aqueous humor compartment to be a source of error in the impedance measurements.
Changes in delivered power led to differences in the shape of the impedance-time curve (Fig. 11) . At 30% power, impedance stayed relatively constant during the macropulse. As power increased from 30% to 70%, impedance decreased at faster rates during RF application. Further increases in power led to an initial decrease in impedance followed by an increase that occurred approximately 200 ms after onset of the pulse.
Measurements by Torres et al. [13] suggested that an increase of tissue temperature above 60 C may lead to significant water vaporization. This phenomenon was attributed to the exponential increase in water vapor pressure with temperature. For example, at 70 C the vapor pressure is approximately ten times higher than it is at 25 C. At higher temperatures, substantial tissue water is vaporized adjacent to the RF probe, removing the medium for translational motion of charge carriers, thus decreasing the carrier mobility. At higher temperatures (in the later stages of tissue heating) the expected increase in impedance is easily seen (Figs. 10 and 11) . Power settings higher than 70% were sufficient to cause significant water vaporization and/or local coagulation to increase impedance [ Fig. 11(a) ].
Measurements at 60% power were acquired in two sets of experiments. In the initial experiments, corneal impedance decreased and then increased during the RF macropulse (Fig. 10) . In the second set of experiments, corneal impedance at 60% power decreased but did not increase during the pulse [ Fig. 11(a) ]. This discrepancy may be due to differences in the following variables: 1) time post-mortem; 2) age of the pig at the time of sacrifice; and 3) storage and handling of the eyes at the distributor. These factors can lead to nonuniformities in corneal structure and integrity among the population of in vitro eyes used in this study.
Initial impedance values calculated for the in vivo eyes were lower than the values for in vitro eyes ( 1600 and 2000 , respectively). More in vivo data is needed to arrive at a wellfounded conclusion. Due to the lack of corneal impedance data in the literature, it is difficult to provide an adequate explanation for the discrepancy in impedance measured in vitro and in vivo. Since in vitro conditions differed from those in vivo in several ways (hydration, temperature, perfusion, IOP, etc.), the values measured in vivo should better represent the actual corneal impedance during the RF macropulse and stress the need to establish a relation between in vitro and in vivo data. Additional in vivo studies need to be conducted.
In light of the results of this study, our current hypothesis on how CK works is as follows: upon initiation of RF heating, there is a high current density at the sharp probe tip. This leads to rapid local desiccation of the cornea around the tip which results in an increase in impedance at the tip. This drives the current to the sides of the probe (e.g., pathway of least resistance). Since the probe shaft surface area is considerably greater than that of the probe tip, the current is spread over a larger area, resulting in a relatively small increase in heating. The slower temperature rise leads to an increase in conductivity [see (2) ] along the probe tip. Thus, the combination of the decrease in impedance along the probe shaft with the increase in impedance at the probe tip results in an overall decrease in the measured impedance due to the larger surface area of the probe shaft. Eventually, as tissue coagulation and water loss along the shaft occurs, the measured impedance is expected to increase. Numerical modeling is currently underway to investigate the heat transfer and damage kinetics associated with CK heating.
V. CONCLUSION
Transient impedance curves were calculated during a RF macropulse emitted by a commercial unit under investigation for treatment of hyperopia. The initial impedance of the active electrode inserted into in vitro porcine corneas was approximately 2000 . During the RF pulse, the impedance decreased initially due to an increase in charge carrier mobility in water. For power settings of 70% (e.g., maximum V) and below, the measured impedance remained at a lower value during the entire macropulse. At higher powers, the impedance increased at approximately 200 ms after onset of the macropulse; this was attributed to significant water vaporization and coagulation of surrounding tissue. More in vivo studies need to be conducted to obtain an improved statistical comparison between in vitro and in vivo impedance trends.
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